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Flavor Decomposition through semi-inclusive DIS

(E;p/')/ (e,e’) M2 =W?=M?+ Q? (1/x - 1)
_(EP), %// DIS probes only the sum of quarks and
2 anti-quarks = requires assumptions on

the role of sea quarks 3" e2(q + q)

Solution: Detect a final state hadron
In addition to scattered electron

(e,e’'m) M2=W?2=M?+Q?(1/x-1)(1-2)
SIDIS - Can ‘tag’ the flavor of the

struck quark by measuring the
hadrons produced: ‘flavor tagging’

Z ej 1(x)D](z)
| do y ’ “
——(ep —> hX) = ——
C dz ZE@-’( ¢(¥) Measure inclusive (e,e’)
1 < at same time as (e,e’h)
/,(x): parton distribution function
Df_f(z) . fragmentation function z=E.lv
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Meson Electroproduction in Semi-Inclusive DIS

e+N —oe'+7+ X
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VWZ:m§+Q?GfJ){l—D
i \X )

v=E-FE'

z=FEfv
« At high energies the SIDIS process factorizes into a hard virtual
photon-quark interaction and a subsequent quark hadronization

« The cross section can be decomposed as a product of quark
distribution functions and fragmentation function: o~f(x,Q?)-D(z)

« Aconsequence of this factorization is independence of the hard
scattering process of z and hadronization of quark momentum Xx

« At low energies a more efficient description interaction of hadrons in
terms of collective degrees of freedom, the mesons and hadrons

- At low energies, this factorization ansatz is expected to break down,
due to effects of FSI, resonant excitations and high twist.
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Experiment E00-108 in JLab Hall C

The Goal: To verify, for the first time, the existence
of quark-hadron duality and low-energy factorization e+p— e +m+X

. Commdence HMS + SOS €+ D=m e +mE+ X

: « HMS to detect pions (z" or &*)
« SOS to detect electrons

« 4cm LH2 and LD?2 targets

e Al (dummy) to estimate cryo
target wall contribution

« Beamenergy 5.5 GeV

 Beam current 20-70 pA

« The experiment runin 2003
« z-dependence (z=0.3-1.0) at x=0.3
 x-dependence (x=0.25-0.6) at z=0.55
c 0, (00-80) at fixed z=0.55 and x=0.3.
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How Can We Verify Factorization?
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Z-Dependence of cross section

2.5 2.0 1.5

Aregion

0.4

0.6 0.7 0.8 0.9
Z /

6~2€,°Q ()T() Dq“(%)

factorization

« (Good agreement between
our data and simple quark-
parton model for z< 0.65
(assuming factorization)

Large excess in the data at
Z > 0.8 with respect to the
prediction reflects the N-A

Within our kinematics
(P,~0,x=0.3, Q2=2.30 GeV?),
M., 2 directly related to z:

W2 =m? + Q? -(%(—1)( 1-2)
SW2=M2 ~ 1-2)




How Can We Verify Factorization?

X & Z_Dependence of D-/D* D-/D* from Deuteron ©t* to ©~ ratio
YT T < too-108 Gé[ OC(4D++D_)(U+d)
. E s HERMES E
L ] EMC - _
Cos % E oy < (4D +D")(u+d)
= 0.4 i + ﬁ ¢¢ o & P - & ¢ @ o o #E R ot + B
i v 7 o7 4D +D
b —— | | E of 4D +D"
WX D/D*=({4-r)/(4r-1)
o b IV r = o4(n")/oy(m)
| e
& e Tk : E Z=E,,/V

Closed (open) symbols
reflect data after (before)
events from coherent p
subtracted.

Near-independence from x, as expected The hatched area indicates
the systematic uncertainty.

The resonant contribution at z>0.8 cancel out! (Close & Isgur)

Our data far exceed the Feynman and Field expectation (dashed line
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How Can We Verify Factorization?

Neglect sea quarks and assume no p, dependence to parton distribution functions

- Fragmentation function dependence drops out in Leading Order
Gp(1") + op(m))/[og(n") + og()]
~ [4u(x) + d(X)J/[5(u(x) + d(x))]

~ 6,/64 iIndependent of z and p,

(%) - op(m)l/[og(n”) - o4(m)]

= [4UV(X) B dv(X)]/[3(uv(X) T dv(x))]

iIndependent of z and p,,
but more sensitive to assumptions
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How Can We Verify Factorization?

4.0 3.5 3.0 2.5 20 .
= _ ! Zeﬁ Q(I) Dq—rM(z)
5 x=0.32 -
+ .
f boo 6, d% %
g 12 g +¢+¢ % +¢+¢+¢ % e +¢+¢+¢,¢,¢+¢,¢+ . | GRV & CTEQ,
Em 1 ‘%* @ LO or NLO
;‘" 0.8 |- Leading-Order
3 x-z factorization
e 25
¢ H I Good description for
e =2 T L Proton and deuteron
B L5 +<|> ? 0§90 targets for
: 1 0 0.4<z<0.65
=~ 05 > (Note: for z = 0.65
0 YT TOTeTOTOTATO T A e T T e e MX2 ~ 25 Gevz)
0.4 0.5 0.6 0.7 0.8

For z<0.7 ratios are independent of z as expected from quark-model
Closed (open) symbols are data after (before) events from p production are subtracted
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X and Q2 dependence of the cross sectios

" fromH Q%=2.30 (GeVic)? 10

.

10
|
02 03 04 05 0.6 2 3 4
Q? (GeV/c)?
n" from H Q2 =380 (GeVic)? Solid curve is a naive parton model

calculation assuming CTEQ5M parton
distribution functions at NLO and BKK
fragmentation functions

do/dQ dE dzdP2d® (nb/GeV/sr)

Overall, one finds good agreement, but
there are detailed differences in the cross
section measurements (also for the

1 deuterium target)

0.2 0.3 0.4 0.5 0.6 Solid (open) symbols
X are data after (before)

subtraction of events

EO00-108: Onset of the Parton Model from diffractive rho

X=0.40 X=0.40
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z, X and Q¢ dependence of the n*/n ratios

35 ¢ 35 35 ¢
3 £ x=032 Proton 3 £ z=055 Proton 3 £ 2=055 Proton
L | !
Zﬂ 2.55— " #z—: 2.55— t t) t; Zg 2.5? $ $ $
o2 teemd T Pee ) b2 : o 2F :
s o # B Y 15y 150 ¢
£ X | ® E E
1 1 1
05 b b e b b L 1 05 bbb e e b b b 05 Bl v b b L b
0.3 04 0.5 0.6 0.7 0.8 0.9 02 025 0. 035 0. 045 0. 0.55 1.5 2 25 3 35 4
z X Q° (Gevic)
35 ¢ 35 ¢ 35 ¢
3 b Deuteron 30 Deuteron 3k Deuteron
e 25 e 25 | . 25
¢ g LI % E % =
< .%LDD 4 Zi-e,ﬁmﬁ—'ﬁwm—ar’q]jzg zzﬂ—m—gﬂ—ﬂﬂmﬁ
L5 ;Hmﬁﬂ, 15 e TE TR ey 8 L™ 15988 LR LM
C —h— F A F
1E . 1F 1E
055‘..‘l..‘.l‘..m..‘.l....\..ul. 05 ool b b b b e o5 Lo v b e b b 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 02 025 03 035 04 045 05 055 1.5 2 25 3 35 4
Z X Q (GevicY

z-dependence: &*/z ratios from proton is larger than those reported by HERMES (stars),
but agrees with the Cornell data (triangles). At 0.65 < z< 0.85, the ratio decreases because
7 A** cross section is larger than w*A°, The sharp rise at z>0.85 is due to exclusive a+
production. The &*/z ratio from deuteron agrees with quark-parton model expectation

x-dependence: =w*/m ratios from proton and deuteron targets agrees with the Cornell data
(triangles), they also in good agreement with the quark-parton model prediction.

Q?-dependence: The a*/n ratios in agreement with the quark —parton model predictions.
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d,/u,

dy/u,
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—
o EO00-108 ] .
- - wasal The valence quark ratio can be extracted
4 { EERMES ¢ from a combination of the proton and
1 . . _
o ] deuteron n* cross section as:
¢ X8 W////gﬂ///i?//////ff////&v//////// ] ) 3
S - o, ~D"(4u+d)+D (4u+d)
L o7 ~D (4u+d)+D" (4T +d)
0.2 0.3 0.4 0.5 0.6 . —
X o5 ~(4D"+D )u+d)+(4D +D")(U+d)
I e B I B o ~(4D +D")(u+d)+(4D*+D)(T@+d)
. or —o7 ~(D"-D")(4u,—d,) U, =u-u
n /N#/////4///XX;y/////+/H//x’//////i//‘///,«3;’/!//’/////3///;’;’;’//// _: O-l’)f+ _ O—gf ~ (DJr — D*)(guv +3dv) dv =d-d
e g o7 ot 4u—d 4-3R:
i | RpD: p+ pi = 2 ! dv/uv = pD
I T R T T T B T R A T N R R O'g —O'g 3(uv+dv) S(RpD +1)
0.3 04 0.5 0.6 0.7 0.8
Z x-dependence of our data (low energy and P,~0) are in
——— e e T good agreement with WA21/25 and EMC results, and
a B slightly low as compared to the CTEQ expectations.
1 z-dependence of the ratio will be indication for violation
] of the isospin symmetry and factorization assumption
;/;g/f///;/f////g///f//////f ff///*ff///f//f/ﬁ/%///ﬁ/*Xf//+’//// WL ////;i A Sh arp increase Of the ratio at Z>0.7 COrreSpondS in
‘ + 1 our kinematics to missing mass <2.5 GeV?, where the
e ln T TR R e TR EER R R — resonances contribution become dominant.
I 1 Within our statistical accuracy we can not rule out any
[ L1 Ll N - P, dependence of the valence quark ratio.
0 0.05 0.1 0.15 0.2

2
P2 (GeVic)




Transverse Momentum Dependence of SIDIS

* Not much is known about the orbital motion of partons
« Significant net orbital angular momentum of valence quarks
Implies significant transverse momentum of quarks

=

Final transverse momentum of the detected
pion P, arises from convolution of the struck
quark transverse momentum k; with the
transverse momentum generated during the
fragmentation p;.

Pi=p+zki+
O(k?/Q?)

Z=E_/v

P ~ A < 0.5 GeV optimal for studies as theoretical framework for Semi-
Inclusive IDIS has been well developed at small transverse momentum
[A. Bacchetta et al., JHEP 0702 (2007) 093].
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P, dependence of SIDIS Cross Sections

7© from H 7 from H 65p1s~ Opis (AN/dz) b exp(-bP,?)
3 ; b, =5.44+0.36

]
; + ; f by =5.35 +0.26
-ﬁ i b+ =4.24+0.17

ju—
ju—y

1
[
T T T T 1717

10 b b b Pl 10-||||||||||||||||||| bn+:4.64i0.17
0 005 01 015 0 005 01 015 =
. . *  P,?>dependence for a or n*are
7 from D . ©® from D similar for H & D targets, but not

ot
T T |
[y

identical
w »  Slope for the &* are smaller than for
] the &~ (for H and D)

* * We study the data in the context
‘ i of quark parton model, assuming:
10'1....|....|....|.... 10 Lol it P, = p;+zk,
0 0.05 0.1 0.5 0 0.05 01 015
P2 (GeV/cy P2 (GeVicY
* We assume the width quark and fragmentation functions are Gaussian in k; and
P, and <P2>=<k?2>+<p,?>. We introduce separate width for u and d quarks,

and separate width for favored (D*) and unfavored (D-) fragmentation functions

dc/dQ dE dzdP2do (nb/GeV /c’/sr)

+ Weassume: b*, = (22,2+ .2t and b¥y = (2242 + p.2)*
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Quarks & Fragmentation Functions Transverse Momentum
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Osipis ~ Opis (AN/dz) b exp(-bP?) wm) b b*, (b, & b*y), and b*, = (z2p,? + u.2)*

1

1 0'prr+ = C[4c,-exp(- b* ,P2)+(d/u)(D/D*)c,-exp(- b-yP2)]

o,™ = C[4(D/D*)cy-exp(- b ,P2)+(d/u)c,-exp(- b*4P?2)]
o,™ = C[4(d/u)c,-exp(- b*4P;2)+(D/D*)cs-exp(- b ,P2)]
G,™ = C[4(d/u)(D/D*)c,-exp(- b-yP2)+c,-exp(- b*,P2)]

Fit values:
- D/D*=0.43+0.01;  d/u=0.39+0.03
e p,2=0.07+0.03 GeV? p 2= 0.0+0.05 GeV?
e 2= 0.18+0.02 GeV2 p2= 0.14+0.02 GeV?

» Fitresults for D/D* agree with HERMES (0.42), and d/u ratio with LO GRV (0.40)
« Fittends to larger k, width for u quarks than for d (u4% ~ 0)

 Fragmentation width g, and p_are similar (as predicted by Anselmino)
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Summary (1)

« We have measured semi-inclusive n* electroproduction on proton
and deuteron targets, using 5.5 GeV energy e- beam at JLab.

 For the first time the low-energy factorization of cross section, and
phenomenon of quark-hadron duality have been observed at low W?

« Several ratios constructed from these data exhibit, provided that
W?> 4.0 GeV?and z<0.7, the features of factorization in a sequential
electron-quark scattering, and a quark-pion fragmentation process.

 We find the azimuthal dependence of the data to be small, as
compared to the typically larger azimuthal dependences found in
exclusive pion electroproduction data, but consistent with data
from other groups and theoretical expectations based on SIDIS.

* In acontext of a simple model with only valence quarks and only
two fragmentation functions, we find the k, width of u quark to be
larger than for d quarks, for which the width is consistent with zero.
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Summary (2)

« We find that the favored and unfavored fragmentation p, width are similar
to each other, and both larger than the two quark widths.

» We have shown the sensitivity of our results to be small to possible
corrections due to both radiative events from exclusive pion production
channels and pions originating from diffractive p decay.

* In many cases, the corrections are negligible, although they can become
large at large values of z.

« EO00-108 results can only be considered suggestive at best: (limited
kinematic coverage and very simple model assumptions).

» Our results call for a more sophisticated theoretical analysis based on
future precision cross section and ratio measurements over a large range
of kinematics (Q?, P, and cos¢).

* We believe our results will provide a fruitful basis for future studies of the
guark-parton model and more sophisticated model calculations at relatively
low energies.
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BACKUP SLIDES
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Hall C Basic Experimental Setup

High Momentum Spectrometer: Pmax =7.4 GeV/c
AP= +10% AQ=6.7msr

.\‘
“a
HMS
High Momentum
Spectrometer
] pi I
’.' /,. é 1-i
» Q
SOS I T
Short Orbit Q
Spectrometer i; 2?]'[] ;}
P— T Short Orbit Spectrometer: Pmax=1.74 GeV/c
4 'cm liquid hydrogen) . B Profile Monit
Eor 4 cm dummy target) =" BeamkrofizMonitors AP=+20% AQ=7.5 msr
Incident Detector Hut
beam
Beam Current S — PRSI N Scattering
Monilorr\ Chynber

T
NIl
(1

Aerogel and Calorimeter Built Qy“xkewrevan group

Aerogel

Calorimeter

Drift Chambers six sty B e ] sox say

~-13m

-- Momentum resolution: < 0.1%

-- Angular resolution: ~2.0 mrad

231049 23832 23800

¢ Very similar detector packages
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z, X and Q? dependence of the D/H ratios
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z-dependence: The ratios show relatively flat behavior as a function of z and reasonable
good agreement with the quark-parton model calculations up to z=0.7. In the region z>0.7
we again noticed effects from the N-A transition.

x-dependence: The x-dependence of the ratios is remarkably close to the quark-parton
model prediction, but absolute magnitudes slightly differs from the model estimates.

Q2 -dependence: The D/H ratios in good agreement with the quark—parton model
expectations.
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z, X and Q? dependence of the Al/D ratios

- YAIPH - -
o 1E The Al/D ratio for both n* (red circles)
e o8l and &~ (blue squares) are below unity and
p—.a 0.6 [ decreasing with z, similar to other’s data
[ or . . o
“2 04 [ The ratios agree with gluon radiation
os b theory (solid curve), and low than string
B | | | | | | tension model expectation (dashed cure).
0 111 | I - L1 1 | 11 1 | T | L1 1 1 1 |
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e Y | | a 2
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x Q? (GeV/icY
The x-dependence of the Al/D ratios are weak. The Q2?-dependence of the ratios are flat

with average value ~0.56 (dashed lines),
which is low than expected 0.62 from the
gluon radiation theory (solid line).

The ratios agree with SLAC data (cross symbols),
and with SLAC A-dependent EMS fit (dashed lines).
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P.2-dependence of n*/a” ratios for H, D and Al

. 3F Proton t #Hl 2= 0.55

x =0.32

« The average values of the
: S n*/m ratios for D and Al
, 3 L euteron
z 5 targets are smaller than
AT that for the protons
L « The P2 dependence for all
0 0.05 0.1 0.15 0.2 three targets nearly are flat
» 3L Aluminum | ) 1
AN TR
1 " | » * %\| s | .ﬁ%\ ‘
0 0.05 0.1 0.15 0.2
P2(GeVicY

« The Solid lines are simple quark-parton model expectations
« Solid (open) symbols are data after (before) events from p are subtracted
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15 |

15 |

P.2-dependence of D/H and Al/D =*/a ratios

+ v/ /ndf  29.56 / 24
n P1 . 05783+  0.1021E-0}
= f Tl E .
L& &
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0 i TR | T 0 I T T
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2 F T Pl 05375 L ojbszE-m
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0 L1 1 1 | 1 L | 1 L | 1 0 ! TR N I R NN TR N (N R RO SO SR S S 1
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» The D/H ratio for a* are in good « The Al/D ratio nearly constant

with P,2 (dashed lines) and are
slightly different for =* and «r.

The data show that the Al/D
ratio is reduced at high z, as was
observed by HERMES group.

agreement with the quark-parton
model prediction (solid line).

* For @ the experimental data on .
average ~10-15% higher relative
to the model expectation.
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